of neurobiology, our knowledge of nociceptors is quite limited. For instance, the factors that regulate the development, maintenance, and stability of these systems,
neurons in dorsal root and trigeminal ganglia. Surprisingly, no expression was seen in the nodose ganglion, which contains visceral capsaicin-sensitive neurons, raising the question of whether VR1 homologs exist. Indeed, expressed sequence tag (EST) data bases reveal a number of homologous human sequences.
The discovery of VR1 confirms an important element of the nociceptor concept in revealing selective expression of a key molecule related to signaling of specific types of sensory stimuli. Both IB4-binding and CGRPexpressing neurons respond to capsaicin in the adult. But since there may be receptors other than VR1 for capsaicin, it remains uncertain whether capsaicin receptors are differentially expressed by the NGF-and GDNFresponsive nociceptors.
CHEMICAL SENSITIVITY. The chemical sensitivity of noci- , 1996 , 1997 . Hence, the IB4 group of nociceptors might exhibit a distinct responquestion, but as we discuss below, there is at least siveness to ATP. suggestive new evidence that this may be the case.
Nociceptors studied in vitro can be activated by ATP, Responsiveness and ATP applied to a blister base produces pain in man Our detailed physiological knowledge of nociceptors and nocifensive behavior in animals. Recently, Cook et is now being supplemented by discovery of molecules al. (1997) showed that tooth-pulp afferents (believed to conferring distinct response modalities.
be almost exclusively nociceptive) respond to exoge-THERMAL SENSITIVITY. The nociceptive stimulus capsanous ATP with a pharmacology consistent with involveicin is the natural product of capsicum peppers and a ment of P2X3, unlike ATP-induced responses in large prominent component of many hot and spicy foods. mechanosensitive trigeminal afferents. Another potenCapsaicin has a number of properties (ranging from its tial role of P2X3 is suggested by Gu and McDermott ability to destroy selectively virtually all unmyelinated (1997), who examined ATP effects on P2X3 receptors DRG neurons in developing animals to its use as a nonexpressed on the central rather than the peripheral terdamaging provoker of secondary hyperalgesia in man) minals of afferent nociceptors. An electrophysiological that have made it an invaluable tool in the study of analysis of a DRG-dorsal horn coculture system provided nociception. That distinct subsets of sensory neurons evidence that presynaptic P2X3 receptors might regbear receptors for capsaicin has been suggested both ulate glutamate release from nociceptors and thereby by binding studies of radiolabeled analogs and because affect the central transmission of pain-related signals. only small developing sensory neurons can be killed by Several potential sources of ATP, both peripheral and exposure to this molecule.
central, have been identified. Reasoning that the powerful pharmacological properAlthough the evidence that ATP acts as an endogeties of capsaicin should reveal an important endogenous nous mediator of pain is still circumstantial, data on nociceptive pathway, Julius and colleagues set out to P2X3 that we do have further supports the idea of a clone a capsaicin receptor (Caterina et al., 1997) . By dichotomy of nociceptor function. expression cloning, and using Ca 2ϩ uptake as an assay, MECHANICAL SENSITIVITY. Our understanding of the mothey identified a clone, VR1 (so named because of the lecular mechanisms of mechanotransduction is still rudipresence of a vanilloid moiety), which showed homology mentary. In C. elegans, a number of candidate genes to Drosophila TRP proteins, known to have a role in have been identified. Some are members of the socalcium homeostasis. Strikingly, cells transfected with called mec family, which can show structural homology VR1 exhibit a nonselective cation channel with high Ca 2ϩ with sodium channels, putatively linking mechanical permeability that is activated by sudden increases in stimuli with electrical responses. However, very little is temperature. Prolonged exposure to capsaicin kills transknown of equivalent systems in mammals. Recently, it fected HEK293 cells, analogous to the situation in vivo.
has been suggested that ATP receptors might function Thus, the capsaicin receptor is a channel that appears as important mechanotransducing receptors (Nakamura to confer responsiveness to heat as well as to chemical and Strittmatter, 1996) , with perhaps different receptor stimuli. Indeed, it is possible that the only endogenous types mediating responses in nociceptors (P2X3) and "ligand" for this receptor is heat. As predicted, VR1
innocuous mechanoreceptors (P2Y1). The hypothesis envisages that mechanical stimuli release ATP, which expression is confined to a subset of small sensory then acts on sensory neuron P2 receptors. While intrial., 1998a). Importantly, NGF levels are known to be increased in peripheral tissues in a variety of inflammaguing, current evidence is circumstantial. tory conditions in both animals and humans. ExperimenConnectivity tally increasing NGF levels results in a rapid thermal A key distinguishing characteristic between the two mahyperalgesia. Some of this initial hyperalgesia arises jor nociceptor classes is their central termination patbecause NGF releases algogens from other peripheral terns. Thus, CGRP/TrkA-expressing DRG neurons projTrkA-expressing cells, in particular mast cells and symect most heavily to lamina I and outer lamina II (IIo), pathetic postganglionic neurons. That NGF upregulation whereas IB4-binding and Ret-expressing DRG neurons contributes to inflammatory hyperalgesia has been deproject most heavily to the inner aspect of lamina II (IIi).
termined independently by the laboratories of Woolf, However, the functional significance, if any, of these Mendell, and McMahon, who have shown that in several different projection patterns is not clear. A major diffianimal models "antagonizing" NGF largely prevents the culty has been lack of information with regard to funcsensory abnormalities that normally develop (see refertions subserved by specific regions of the superficial ences in Bennett et al., 1998a). dorsal horn.
NGF exerts long-term effects on nociceptors via reguRecently, two studies have either ablated specific lation of a variety of receptor proteins, including capsaclasses of cells or eliminated molecules specific to dificin, GABA, and bradykinin receptors, which of course ferent laminae, providing clues regarding the functional influence nociceptor responsiveness. Furthermore, neuroles of these laminae. In one, a potent ribosomal toxin rotransmitters/neuromodulators such as substance P (saporin) coupled to substance P was infused into the and CGRP are also strongly regulated by NGF. More spinal cord and specifically bound and destroyed cells recently, it has become clear that NGF-sensitive nociexpressing the substance P receptor (NK1) in lamina I ceptors constituitively express low levels of another (Mantyh et al., 1997) . Importantly, such treatment had neurotrophin, brain-derived neurotrophic factor (BDNF), no effects on baseline behavioral responsiveness to noand that NGF can upregulate BDNF (see Michael et al., ciceptive thermal and mechanical stimuli. However, hy-1997). Many of these NGF-induced changes in primary persensitivity normally induced by capsaicin was almost sensory neurons can be expected to influence excitabilcompletely abolished. These results support the emergity in the dorsal horn. Indeed, NGF treatment increases ing notion that substance P/TrkA-expressing sensory activation-induced release of substance P and induces neurons projecting to lamina I are critical to hyperalgesic "central sensitization" that has been associated with responses induced by inflammation. persistent pain states (Malcangio et al., 1997). The second addresses the potential importance of
Together, these findings demonstrate the importance lamina IIi (Malmberg et al., 1997) . Here, it was shown of NGF in promoting a number of plastic changes bethat the ␥ isoform of protein kinase C is specifically lieved important in the generation of chronic pain states. expressed in lamina IIi in the target field of Ret-expressGiven that almost one-half of the nociceptor population ing neurons but not in primary sensory neurons themhas receptor components for GDNF but not NGF, a natuselves. Elimination of PKC in these neurons by gene ral question is whether GDNF and related factors exert targeting had remarkable effects. Again, behavioral reas varied and important regulatory controls as NGF. sponses to acute thermo-and mechano-nociceptive For the most part, the experiments have not yet been stimuli were apparently normal. However, hyperalgesic undertaken, although evidence suggesting an important responses induced by nerve injury were almost commaintenance role for GDNF has recently been reported. pletely abolished.
Sensory neurons show a wide range of changes in These new findings suggest that both lamina I and its response to axonal injury. Provision of NGF can reverse peptidergic nociceptive projection and lamina IIi and its axotomy-induced downregulation of the sensory neurononpeptidergic projection may be critical to the estabpeptides substance P and CGRP. We now have direct lishment of chronic pain states. An intriguing possibility evidence that GDNF can also reverse axotomy-induced is that the former is particularly important in inflammachanges in appropriate C fibers, such as decreased tory conditions and the latter in neuropathic states.
binding of the lectin IB4, decreased expression of the Plasticity peptide somatostatin and the enzyme TMP, and deRecently, it has emerged that nociceptors are also subcreased conduction velocity (Bennett et al., 1998b ). An ject to functionally relevant regulation by neurotrophic injury response that may be related to the emergence factors. Following the important studies of Lewin and of neuropathic pain is anatomical rearrangement of the Mendell, a body of evidence has emerged showing that central terminals of large myelinated fibers so that they neurotrophic factors affect nociceptor function from peform synapses in a part of the dorsal horn that normally ripheral to central terminals, and the evidence at hand receives nociceptive input (Woolf et al., 1995) . This suggests that the two major nociceptor classes may be change may allow inputs from innocuous mechanoreregulated by different molecules.
ceptors to gain access to nociceptive spinal systems Levels of NGF in the vicinity of sensory axon terminals and may contribute to the phenomenon of touch-evoked are known to influence nociceptor function both acutely pain that occurs in neuropathic states. There is reason and chronically. Indeed the "gain" of the peripheral nocito believe this anatomical remodeling is secondary to ceptive system appears to be under tonic regulation by atrophic changes in central C fiber terminals (Woolf et NGF via control of terminal arborizations and expression al., 1995; Bennett et al., 1998b) . Importantly, provision of receptor elements. Peripheral NGF deprivation is asof trophic support to C fibers, with either NGF or GDNF, sociated with depleted nociceptive terminals in the epiis sufficient to prevent dorsal horn remodeling after axonal injury (Bennett et al., 1998b). dermis and reduced nociceptor sensitivity (Bennett et
